Introduction
Viability of metazoans largely depends on their ability to regulate metabolic processes for producing energetic molecules, as well as on their capacity to mount anti-stress responses for retaining the integrity and functionality of biomolecules (e.g. genome and proteome). At the whole organism level, these pathways and responses require complicated, largely unknown in its details, co-regulation and wiring of cell autonomous and non-autonomous mechanisms [1, 2] .
Energetic molecules in eukaryotic cells are produced in mitochondria through the integrated action of the oxidative phosphorylation (OXPHOS) protein machines [3, 4] . The outer mitochondrial membrane (OMM) prevents the diffusion of small molecules and it also serves as an exchanging platform. The inner mitochondrial membrane (IMM) contains three different areas, namely the inner boundary membrane, the cristae and the cristae junctions, harboring the protein complexes of OXPHOS and the energy producing F 1 F 0 ATP synthase [5] . Mitochondria are highly dynamic structures that undergo rapid remodeling through fusion and fission [6] . Fusion rearranges the matrix content of a damaged mitochondrion with a healthy one, diluting thus unfolded proteome and mutated DNA; whereas, fission is important for either mitochondria division or for the removal of damaged mitochondria by a specific type of autophagy, namely mitophagy [7, 8] . In mammals the process of fusion is operated by three GTPases, namely Mitofusin 1 (Mfn1), Mitofusin 2 (Mfn2) and Optic Atrophy 1 (Opa1). Mfns are implicated in OMM fusion, whereas Opa1 is involved in IMM fusion; energetics, apoptosis regulation and cristae remodeling [9] . Pathogenic mutations that disrupt Mfns or Opa1 function cause axonal CharcotMarie-Tooth disease type 2A or autosomal dominant optic atrophy (ADOA; a mitochondrial disease leading to childhood onset blindness), respectively [10] . The main operator of fission is the dynamin-related protein 1 (Drp1), a cytosolic protein that is recruited to the fission site where by forming a spiral superstructure constricts both OMM and IMM after GTP hydrolysis [11] . Mitochondria have developed their own system of chaperones and proteases to fold or degrade respectively the proteins encoded by the mitochondrial genome or imported into the organelle. This quality system is critical also because mitochondria are the primary source of Reactive Oxygen Species (ROS) which can damage all biomolecules [12] . Lon mitochondrial protease is a conserved AAA + protein that degrades misfolded and/or damaged proteins; it https://doi.org/10.1016/j.redox.2019.101219 Received 3 April 2019; Received in revised form 4 May 2019; Accepted 13 May 2019 also regulates mitochondrial DNA copies number and transcription [13, 14] .
Proteome stability in cells is assured by the proteostasis network (PN), a modular integrated system which ensures proteome quality control at both basal conditions and under conditions of proteotoxic stress [15, 16] . Key components of the PN are the molecular chaperones and the two main degradation machineries, namely the Autophagy Lysosome-(ALP) and the Ubiquitin Proteasome-(UPP) pathways. ALP is an intracellular self-catabolic process that in mammalian cells comprises the chaperone-mediated autophagy, microautophagy and macroautophagy; during macroautophagy the autophagy related proteins (Atgs) form autophagosomes that capture lipids, proteins or even organelles and transfer them to lysosome for degradation [17] . Mitophagy is a selective to mitochondria autophagic response that regulates their degradation when organelle damage is not repairable [8] . One of the most described pathways is the Pink1/Parkin-mediated mitophagy [18] ; yet, mitophagy can also occur in a Parkin-independent way [19] . UPP degrades short-lived poly-ubiquitinated normal proteins and nonfunctional or misfolded polypeptides and it is composed of the ubiquitin (Ub)-conjugating enzymes and the 26S proteasome [20] . The 26S eukaryotic proteasome comprises the 19S regulatory particles (RP) which are bound to a 20S core particle (CP). The 20S CP consists of four stacked heptameric rings (two of α-type surrounding two of β-type) that form a barrel-like structure; the caspase-(C-L), trypsin-(T-L), and chymotrypsin-(CT-L) like peptidase activities are located at the β1, β2, and β5 proteasomal subunits, respectively. The 19S RP is involved in substrate recognition, deubiquitination, unfolding and translocation into the 20S CP [21] . Proteasomes are also found at the OMM where during activation of the mitochondrial Unfolded Protein Response (UPR) perform the process of OMM-Associated Degradation (OMMAD) [22, 23] . Reportedly, UPP also regulates mitochondria dynamics as Mfns are UPP substrates [24] .
The PN branches are functionally coordinated by stress sensors, which respond to deregulated proteostasis and/or to increased amounts of stressors. These sensors are mostly short-lived transcription factors, e.g. forkhead box, sub-group O (Foxo), heat shock factor-1 (Hsf1) and nuclear factor, erythroid 2 like 2 (Nrf2); that mobilize cytoprotective genomic responses against various types of stress. The Foxo family members are highly conserved through evolution and regulate oxidative stress levels, energy metabolism, apoptosis, cell cycle, DNA damage repair and mitophagy [25] . Similarly, the Nrf2 signaling pathway plays a crucial role in defenses against oxidative and/or xenobiotic damage by binding to electrophile-(EpREs) or antioxidant-(ARE) response elements of a broad range of phase-II and antioxidant enzymes [26] . Reportedly, in higher metazoans Nrf2 is also involved in the upregulation of UPP and ALP genes during proteotoxic stress [20, 27, 28] , and in the regulation of mitostatic modules involved in energetics and mitochondria biogenesis [29, 30] .
The functionality of mitochondria, proteostatic modules and antistress responses decline during aging and these events seem to fuel the appearance of aging and/or age-related diseases [2, [31] [32] [33] . Accordingly, age is the major risk factor for several disorders, including diabetes, neurodegeneration and cancer [2, 34] .
Notably, the mechanistic insights of mitostatic and antioxidant/ proteostatic modules functional cross-talk and wiring at the whole organism level remain not well understood. By using Drosophila flies as a model organism, we report here that deregulated mitochondrial dynamics or Lon knock down (KD) caused developmental lethality or if induced in the adult, oxidative stress, proteome instability and aging acceleration. Loss-of mitostasis activated in the young organism cap'-n'-collar isoform-C (cncC; the Nrf2 ortholog in Drosophila) and foxo to trigger the upregulation of cytoprotective antioxidant/proteostatic modules. Yet, neither cncC/Nrf2 overexpression (OE) (with concomitant proteasome activation) nor autophagy induction rescued the damaging effects of imbalanced mitochondrial dynamics; these toxic effects were mildly alleviated by antioxidants.
Materials and methods

Flies stocks
The Drosophila melanogaster wild type and all transgenic lines used in this study are described in Supplemental Materials and Methods. The conditional driver (Gal4 GS−Tub ) is ubiquitously activated upon dietary administration of RU486 (320 μΜ). In all experiments referring to adult flies, micro-dissected head/thorax somatic tissues were used (equal numbers from mated male/female flies) [35] .
Flies culture, exposure to compounds, mobility and longevity assays
Flies stocks were maintained at 25°C, 60% relative humidity on a 12-h light:12-h dark cycle and were fed standard medium [36] . All used compounds (RU486, PS-341, Rapamycin, Tiron, 6BIO) were added in flies' culture medium; doses and duration of flies' exposure to compounds are indicated in figure legends. Tiron and RU486 were obtained from Sigma-Aldrich, PS-341 was from Calbiochem, Rapamycin was from Cayman Chemical Company and 6BIO was a kind gift from Prof. A.L. Skaltsounis (National and Kapodistrian University of Athens, Greece).
Mobility of flies was assayed as described before [27] . For longevity assays female and male flies (equal numbers per sex) were collected and cultured in vials; flies were transferred to vials with fresh food every 3-4 days and deaths were scored daily.
In shown graphs, bars denote mean (n ≥ 2) ± SD; *, indicates P < 0.05 and **, P < 0.01. Gene expression was plotted vs. the respective control set to 1; in all other cases (unless otherwise indicated) To investigate the impact of imbalanced mitochondrial dynamics (Fig. S1A) and to map the cross-talk between mitostatic and proteostatic machineries, we genetically modulated Marf, Drp1 and Opa1 expression levels. Marf (the fly single homologue of Mfns) OE in larvae muscles resulted in hyperfused mitochondria that tended to aggregate perinuclearly, whereas Marf KD induced mitochondria clustering and fragmentation (Figs. S1B and S2). Also, gene expression analysis showed that Marf is likely a negative regulator of Drp1 expression (Fig.  S1C ). Muscle-targeted perturbation of Marf caused a lipolytic effect in larvae fat body (analogous to the mammalian liver and adipose tissue; Fig. S1D ) indicating a cell non-autonomous systemic organ effect. In the adult, inducible ubiquitous Marf OE or KD accelerated age-related lossof locomotor activity (Fig. S1E ) and aging (Figs. S1F and S1G, Table  S1 ). These effects were mostly evident after Marf KD indicating that rebalancing mitochondrial dynamics towards reduced fusion rates were less tolerated compared to fusion upregulation; also evident following Drp1 KD vs. Drp1 OE (Figs. S1H and S1I, Table S1 ). Consistently, reduced mitochondrial fusion rates were also significantly more toxic in young flies (Figs. S1G and S1I; shaded rectangles in longevity curves), while induced KD of the Marf gene was particularly toxic in aged flies (Fig. S1J) .
Opa1 OE was not lethal during development, and it did not affect mitochondria distribution or number in either larvae muscle (Fig. 1A) or nervous (Fig. 1B) tissues. Also, although Opa1 OE tended to increase mitochondrial respiratory chain efficiency rates ( Fig. 1C and D) ; it had minor effect on tissue glucose (GLU), trehalose (TREH; a sugar that circulates in flies' hemolymph) or glycogen (GLY) content (Fig. 1E ) after targeted expression in muscles and it caused mild lipolysis in the fat body (Fig. 1F) . Furthermore, inducible Opa1 OE did not affect flies' locomotion ( Fig. 1G ) and it mildly reduced flies' longevity ( Fig. 1H) . On the contrary, Opa1 KD increased mitochondria fragmentation (Figs. 1A and S2), reduced mitochondria number (Figs. 1A, 1B, S2) and caused pupae lethality. Opa1 KD decreased mitochondrial respiration ( Fig. 1C and D) and following muscle targeting it reduced tissues' GLU content while it increased TREH levels ( Fig. 1E ), indicating that flies are becoming hyperglycemic. Also, sustained Opa1 KD in the muscle increased lipolysis in the fat body ( Fig. 1F ) further supporting cell nonautonomous systemic organ effects. Finally, inducible Opa1 KD in adult flies accelerated age-related loss of locomotion activity (Fig. 1G) ; was tolerable for a very short period in young flies and sharply reduced longevity (Fig. 1I , Table S1 ). Consistently to metabolic deregulation, Opa1 KD flies were very sensitive to increased calories even under conditions of leaky [RU486(−)] transgene expression, since exposure to a high sugar diet further reduced pupation ( Fig. S3A ) and dramatically exacerbated Opa1 KD-mediated loss-of locomotion ( Fig. S3B ) and progeria ( Fig. S3C) . Again, Opa1 KD was more toxic in aged (compared to young) flies; yet, this effect was less evident compared to Marf KD due to high toxicity of Opa1 KD under conditions of no inducer addition [RU486(−)] in flies' culture medium (Fig. 1J ).
During our assays we observed that Opa1 KD in male flies was more toxic as compared to females. CLSM analysis showed that Opa1 KD male larvae displayed enhanced mitochondria fragmentation ( Fig. 2A) , as well as lower mitochondrial respiration and increased leakiness (Fig. 2B ) compared to females. Electron microscopy imaging revealed cristae alterations in both genders which, again, were more severe in males as their mitochondria had larger cristae swallowing compared to females, establishing a clear link between inner membrane architecture and functional decline; these effects were accompanied by more severe mitochondria aggregation and myofibrils structure disorganization in males' muscles ( Fig. 2C ). In support, longevity assays showed that Opa1 KD caused a sharp reduction in males' lifespan (median longevity, 13 ± 1.14 days) while females survived significantly longer (median longevity, 20 ± 1.51 days) (Fig. 2D , Table S1 ).
Thus, imbalanced mitochondrial dynamics towards reduced fusion cause developmental lethality, while if induced in adults is intolerable in young organisms and dramatically accelerates aging; these effects were sex-dependent in the case of Opa1 KD. Also, the differential severity (compared to Marf KD) of Opa1 KD-mediated toxicity, highlights Table S1 . In (C, D), (G-J) the Gal4 GS−Tub inducible ubiquitous driver was used. Bars, ± SD; n ≥ 2; *P < 0.05; **P < 0.01.
the increased organismal sensitivity to alterations in the fusion rates and structural organization of the IMM vs. OMM.
Mitochondria dysfunction caused oxidative stress and proteome instability inducing the activation of cytoprotective antioxidant and proteostatic modules
To investigate the functional wiring between mitostatic and antioxidant/proteostatic modules we initially focused on perturbed mitochondrial dynamics and found that either Marf or Opa1 KD increased ROS levels (Fig. 3A) . In support, by using the Mito Timer reporter (encodes a mitochondria-targeted green fluorescent protein when newly synthesized, which shifts irreversibly to red fluorescence when oxidized) we noted increased mitochondria oxidation after Marf or Opa1 KD (Figs. 3B and S4), which again was more pronounced following Opa1 KD. We then used the redox sensitive GFP (roGFPs) probes to further study the in vivo oxidative load in Marf and Opa1 KD mutants. We used transgenic lines with a cytosolic EGSH probe (UAS-cytoroGFP2-Grx1) for glutathione redox couple (GSH/GSSG), as well as lines with a cytosolic (UAS-cyto-roGFP2-Orp1) or a mitochondrial (UAS-mito-roGFP2-Orp1) hydrogen peroxide (H 2 O 2 ) probe [37] . We observed significant changes in the cytosolic GSH redox balance in larvae muscles of both mutants as indicated by the increased 405 nm/ 488 nm ratio (Figs. S5A and S5B). Following Opa1 KD, H 2 O 2 levels were increased in both the cytosol and mitochondria, while in Marf KD larvae significant H 2 O 2 changes were observed only in mitochondria compartment (Figs. S5C-S5F); consistently, with the Mito Timer reporter analyses, the oxidative load was more pronounced in Opa1 KD larvae compared to Marf KD. Mitochondria malfunction increased proteome instability as evidenced by upregulated ubiquitination and carbonylation (Fig. 3C ), which correlated with significant induction of the antioxidant response elements (AREs) in Opa1 KD flies (Fig. 3D) suggesting the activation of cellular stress sensors (e.g. cncC/Nrf2). Consistently, Marf KD activated proteasomal and Atg8a genes (Fig. S6A) , as well as proteasomal proteins (Fig. 3E) , proteasome peptidases and autophagic cathepsins activity (Fig. 3F) . As after Marf KD, and despite dissimilar gene expression responses (Fig. S6B ) likely due to increased cell death [9, 38] , Opa1 KD upregulated proteasomal protein subunits (Fig. 3E) , proteasome peptidases and autophagic cathepsins activity (Fig. 3G) . Based on the observed patterns of proteasomal activities ( Fig. 3F and G) we concluded that Marf or Opa1 suppress UPP, while in line with the suggested ALP activation, muscle targeted Opa1 KD in larvae induced the accumulation of ref (2)P (the fly homolog of p62/SQSTM1) ( Fig.  S6C ) and higher mCherry-Atg8a levels (Fig. S6D) .
To investigate whether upregulation of antioxidant/proteostatic machineries is a dominant downstream response independently of the intervention that induces loss-of mitostasis we suppressed the expression levels of Lon protease. Similarly, to reduced fusion rates, Lon KD decreased mitochondria number in larvae muscles (Fig. S7A ) and nervous tissue (Fig. S7B) and caused developmental lethality, while inducible Lon KD in adults was very toxic in young flies (Fig. S7C , shaded rectangle) and it significantly decreased overall longevity (Fig. S7C) . Lon KD in young flies increased ROS (Fig. S7E) ; massively upregulated proteostatic genes and genes involved in mitochondria biogenesis (Fig.  S7F) and it activated proteasome peptidases (Fig. S7G) and cathepsins (Fig. S7H) activity. Moreover, targeted Lon KD in larvae nervous tissues and in muscles caused the upregulation of GFP-Lamp1 (Fig. S7I ) and of ref (2)P (Fig. S7J) respectively, further supporting ALP activation. As before, loss-of mitostasis due to Lon KD in aged flies was significantly more toxic as compared to young flies (Fig. S7D) .
These findings suggest a tight functional wiring between proteostatic and mitostatic modules.
3.3. Activation of cytoprotective antioxidant/proteostatic modules due to imbalanced mitochondrial dynamics is mediated by cncC/Nrf2 and foxo; consistently, cncC/Nrf2, foxo KD or proteasome inhibition exaggerated lossof mitostasis toxicity
We then sought to identify the mediators of antioxidant and proteostatic modules activation upon perturbed mitochondrial dynamics. We found that cncC/Nrf2 KD in the Marf KD background abolished Table S1 . In (B-D) the Gal4 GS−Tub driver was used. Bars, ± SD; n ≥ 2; *P < 0.05; **P < 0.01.
proteasomal or mitophagy related genes (Pink1, park) upregulation, while other proteostatic [e.g. Hsp70, ref(2)P, Atg8a] genes remained highly upregulated (Fig. 4A) . Downregulation of cncC/Nrf2 in Marf KD flies also resulted in elevated cellular ROS (Fig. 4B) , abolished proteasome activation (Fig. 4C) , which resulted in proteome over-ubiquitination ( Fig. 4D ) and had no effect on Marf KD-mediated cathepsins activation (Fig. 4E) . It also reduced Mito GFP aggregates in Marf KD larvae (Fig. 4F) likely because of activated foxo enhanced mitophagy [39] , and increased mitochondria fragmentation (Fig. 4G) . On the contrary, downregulation of foxo in the Marf KD background did not affect proteasomal genes upregulation; yet, it abolished the autophagy/ mitophagy genes induction (Fig. 4A ). In addition, foxo KD decreased ROS (Fig. 4B) , significantly induced proteasome activities (Fig. 4C ) resulting in downregulation of proteome ubiquitination (Fig. 4D) and it suppressed cathepsins activation (Fig. 4E) ; thus, likely the cncC/Nrf2 axis is overactive upon foxo KD. Finally, either cncC/Nrf2 or foxo KD significantly accelerated aging in Marf KD flies (Fig. 4H and I) . Gene expression analysis after cncC/Nrf2 or foxo downregulation in Opa1 KD background revealed increased proteasomal genes expression in both cases; whereas autophagy/mitophagy related genes were downregulated after cncC KD and upregulated after foxo KD (Fig. 5A) . As in the Marf KD background, downregulation of cncC/Nrf2 parallel to Opa1 KD tended to increase ROS levels (Fig. 5B) , with no activated proteasomal peptidases (Fig. 5C ), culminating in proteome over-ubiquitination ( Fig. 5D ) and highly elevated cathepsins activity (Fig. 5E) . Moreover, cncC/Nrf2 KD increased mitochondria fragmentation of Opa1 KD larvae ( Fig. 5F and G) . KD of foxo in the Opa1 KD background decreased ROS (Fig. 5B ) and activated C-L proteasomal activity (Fig. 5C ); yet, it resulted in increased proteome ubiquitination (Fig. 5D ) and it abolished cathepsins activation (Fig. 5E) . Downregulation of Opa1 in Drosophila resulted in foxo activation as evidenced by foxo accumulation (Figs. S8A and S8B ), as well as by the upregulation of foxo transcriptional target genes in Opa1 KD flies (Figs. S8C and S8D ), suggesting that upon loss of Opa1 foxo is being activated to signal the upregulation of catabolic processes. Finally, suppression of either cncC/ Nrf2 or foxo was extremely toxic in Opa1 KD flies (Fig. 5H and I ).
To further demonstrate the protective role of proteostatic modules upon imbalanced mitochondrial dynamics we treated Opa1 and Marf transgenic lines with the proteasome inhibitor PS-341 (1 μM; [27] ). We found that proteasome inhibition enhanced growth retardation and caused lethality in all transgenic animals, with the notable exception of the Opa1 overexpressing larvae (not shown). Gene expression analysis after targeted expression of the transgenes in muscles revealed that PS-341 enhanced the expression of proteostatic genes under conditions of Marf or Opa1 OE but not after Marf or Opa1 KD (Figs. S9A and S9B) and induced proteome over-ubiquitination (Fig. S9C) indicating that stress sensors (e.g. cncC/Nrf2 or foxo) remain largely inactive under severe disruption of cellular homeostasis, i.e. combined loss-of both proteostasis and mitostasis. Exposure of Marf KD flies to PS-341 reduced mitochondria numbers and Mito GFP aggregates likely due to enhanced mitophagy [28] and increased mitochondrial fragmentation in Opa1 KD flies (Figs. S10A and S10B); also, it accelerated the mortality rates of both Marf and Opa1 mutants (Figs. S10C-S10F, Table S1 ). In support, KD of the rate limiting for protein degradation Prosβ5 proteasomal subunit in the Marf KD background caused activation of proteostatic modules and proteome over-ubiquitination (Figs. S9D and S9E), extreme growth retardation and lethality. Abolishment of proteasome activity in Marf KD larvae also resulted in increased clustering of mitochondria, which co-localized with ref(2)P (Fig. S9F) ; the latter is recruited to damaged and depolarized mitochondria likely mediating their aggregation for mitophagy [28] . Overall, imbalance of mitochondrial dynamics activates cncC/Nrf2 and foxo to induce cytoprotective genomic responses that in the short term contribute to organismal survival.
Treatment of flies with antioxidants mildly ameliorated the reduced mitochondrial fusion rates-mediated progeria
Given that mitochondrial malfunction is a hallmark of aging and of several age-related diseases [2] we asked whether the deleterious effects of imbalanced mitochondrial dynamics could be ameliorated by cncC/Nrf2-mediated forced activation of cytoprotective antioxidant/ proteostatic (e.g. UPP) modules. We found that cncC/Nrf2 OE in Marf KD or Opa1 KD backgrounds abolished ROS accumulation ( Fig. 6A ; see also Fig. 3A) and it significantly upregulated proteostatic and mitochondrial biogenesis genes (Fig. S11) , proteasome subunits expression (Fig. 6D ) and proteasome activities (Fig. 6B) ; with no effect on lysosomal cathepsins activity (Fig. 6C) . Furthermore, CLSM analysis revealed that although cncC/Nrf2 OE increased the number of mitochondria in Marf or Opa1 KD backgrounds their fragmentation persisted ( Fig. 6E and F ). Yet, despite the activation of cytoprotective modules, cncC/Nrf2 OE shortened the lifespan of both Marf KD (Fig. 6G) and Opa1 KD flies (Fig. 6H) . Next, we studied the effects of ALP activation on loss-of mitostasis by combining Marf or Opa1 KD In (C), (E) GAPDH was used as reference. In (A), (C), (E-G) the transgene was induced in young flies for 7 days by using the Gal4 GS−Tub driver. Bars, ± SD; n ≥ 2; *P < 0.05; **P < 0.01.
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with Atg8a OE. Atg8a OE in the Marf KD background could not overcome (or delay) Marf KD-mediated larval lethality (not shown); elevated ROS levels ( Fig. S12A) , had no effect on lysosomal cathepsins activity (Fig. S12B) and it induced proteasomal activities (Fig. S12C) . Also, it further reduced median longevity of the Marf KD flies (Fig.  S12D ). CLSM analysis in Opa1 KD larvae showed that the mitochondrial morphology was improved after Atg8a OE (Fig. S13A) . Additionally, Atg8a OE in Opa1 KD young flies increased ROS accumulation (Fig.  S13B ) and it suppressed proteasome (Fig. S13C ) and cathepsins activity (Fig. S13D) ; moreover, Atg8a OE could not improve the lifespan/ healthspan of Opa1 KD flies (Fig. S13E) . Consistently, treatment of Opa1 KD flies with autophagic inducers, namely rapamycin (Fig. S13F ) or caloric restriction (Fig. S13G ) was either toxic or had no beneficial effects. These findings indicate that activation of the highly energetically demanding catabolic proteostatic modules likely accelerates the exhaustion of cellular energetics in organisms bearing dysfunctional mitochondria. Given the sustained organismal oxidative stress due to mitochondrial dynamics imbalance we then asked whether concomitant treatment with small molecules that act either as ROS scavengers (Tiron; [40] ) or activate antioxidant pathways (6BIO; [41, 42] ) could ameliorate the phenotypes of Marf or Opa1 KD flies. As shown before [42] , treatment with 6BIO activated AREs (Fig. 7A) , while both 6BIO and Tiron tended (not reaching statistical significance) to suppress ROS levels ( Fig. 7B ) and proteasome activity (Fig. 7C) in Opa1 KD flies indicating reduced oxidative/proteostatic stress. The effects of Tiron were validated by analyzing the in vivo excitation ratio of the roGFP2 reporters in the cytosol and mitochondria of larvae muscles. CLSM analysis showed that Tiron reduced the excitation at 405 nm and thus the H 2 O 2 levels after Marf or Opa1 KD in flies (Fig. 7D and E) . Despite compound-specific genomic responses, 6BIO and Tiron induced the expression of genes involved in antioxidant (Trxr-1) and proteostatic (Atg8a, Hsp70) responses (Fig. 7F and G) . Treatment with Tiron mildly improved the median lifespan of Opa1 KD (but not Marf KD) flies (Fig. 7H and I ) and 6BIO improved the median lifespan in both Marf and Opa1 KD transgenic lines (Fig. 7J and K) . Consistently, coexpression of Catalase [43] in Marf or Opa1 KD genetic backgrounds tended to ameliorate the toxic effects induced at the organismal level by imbalanced mitochondrial dynamics (Fig. 7L, M) .
Thus, perturbation of mitochondrial dynamics is not tolerated in higher metazoans and only treatment with antioxidants can mildly mitigate the induced toxicity. Table S1 . In (A-E) the transgene was induced in young flies for 7 days. In (A-E), (H), (I) the Gal4 GS−Tub driver was used.
Gene expression was plotted vs. the respective control set to 1; the RpL32/rp49 gene expression was used as input reference. Bars, ± SD; n ≥ 2; *P < 0.05; **P < 0.01.
Discussion
We report here that prolonged suppression of mitochondrial fusion or Lon activity in Drosophila caused developmental lethality and when induced in the adult oxidative and proteotoxic stress, neuromuscular defects and accelerated aging. These effects were more intense (especially in high calories diet) after Opa1 KD which induced metabolic deregulation, severe disruption of cristae structure, respiratory deficits and reduced mitochondria number. Consistently, mitochondrial malfunction has been associated with senescence, aging and age-related diseases [2, 7, 12] . Marf depletion was also found in previous studies to cause lethality in flies [44] and a heterozygous mutation of Opa1 shortened lifespan in Drosophila through increased ROS production [38] . Moreover, depletion of the mitochondrial rhomboid protein (required for mitochondrial fusion during fly spermatogenesis and muscle maturation), led to severe neurological defects, ADOA-like degeneration of photoreceptors and reduced lifespan [45] ; while muscle-specific deletion of Opa1 in adult mice induced a precocious senescence phenotype and premature death [46] . Under our experimental setting (inducible transgene expression in identical genotypes) increased fusion rates due to Marf, Opa1 OE or Drp1 KD, although by far less toxic as compared to conditions of increased fission, also decreased longevity suggesting that sustained deregulation of mitochondrial dynamics is toxic. In support, diseases caused by mutations in fission proteins are very rare. A mutation in Drp1 has been associated with a severe type of infantile neurodegeneration in humans [47] , while depletion of Drp1 caused embryonic lethality in mice [48] . Notably, reduced mitochondrial fission increased lifespan and resistance to apoptosis in two fungal models [49] , whereas Drp1 depletion prolonged longevity but not stress resistance of C. elegans with reduced insulin signaling [50] . Also, enhancing Marf ameliorated neuromuscular dysfunction in Drosophila models of TDP-43 proteinopathies [51] , while ablation of Drp1 in mouse liver protected mice from diet-induced obesity [52] ; finally, mild Opa1 OE ameliorated the phenotype of two mitochondrial disease mouse models [53] . Thus, the beneficial effects of increased mitochondrial fusion are more evident under stress conditions. Table S1 . In (A-E) transgenes were induced for 7 days. In (A-E), (H), (I) the Gal4 GS−Tub driver was used. Gene expression was plotted vs. the respective control set to 1; the RpL32/rp49 gene expression was used as input reference. Bars, ± SD; n ≥ 2; *P < 0.05; **P < 0.01. Table S1 . In (A-D), (G), (H) the Gal4 GS−Tub driver was used. Bars, ± SD; n ≥ 2; *P < 0.05; **P < 0.01.
Interestingly, the toxic effects of Opa1 KD were severely enhanced in male flies. Similarly, sex differences have been reported in Opa1 +/− flies [38] ; yet, these observations were limited to complex II activity. Leber hereditary optic neuropathy (LHON) and ADOA are the two most common inherited optic neuropathies in the population where most affected families harbor mutations in the Opa1 gene. One of the key features of LHON is the gender bias in disease predisposition, with ∼50% of males and only ∼10% of female carriers' eventually losing vision in their lifetime [54] . Although it is established that mitochondria contribute significantly to sexual differences during aging and this impact likely relates to their maternal inheritance, further studies are needed to clarify the molecular basis of the sex-dependent Opa1 KD phenotypes.
Our observations clearly support a direct cross-talk and functional wiring of mitostatic and proteostatic modules, as loss-of mitostasis (e.g. due to imbalanced mitochondrial dynamics or Lon KD) increased oxidative stress and proteome instability causing the activation of Nrf2 and foxo to trigger in the young organism the upregulation of cytoprotective antioxidant/proteostatic modules. In line with previous findings, these were the antioxidant/UPP pathway for cncC/Nrf2 [20] and autophagy for foxo [39] suggesting the existence of distinct transcriptional targets of the cncC/Nrf2 and foxo axes upon loss-of mitostasis. In support, foxo mediated the UPR and activated autophagy in Opa1 −/− mice [46] . cncC/Nrf2 KD at the Marf RNAi background led to significant upregulation of the ref(2)P and Hsp70 genes likely indicating increased mitophagy and also that upon loss-of cncC/Nrf2 activity the PN branch of molecular chaperons takes over. Beyond activation of antioxidant/ proteostatic modules, our data also indicated that Nrf2 regulates mitostatic modules and mitochondria number. Consistently, recent reports suggested that Nrf2 controls substrate availability for mitochondrial respiration [55] , upregulates electron transport-related genes [56] and affects mitochondria biogenesis [29] ; we have fully confirmed these findings in the fly model [27, 28, 30] . This regulatory circuit and constant monitoring of mitostasis is critical in ensuring organismal survival; yet, our finding suggest that depending on the extent and duration of the damage, loss-of mitostasis can be transiently tolerable in young organisms. Notably, the Nrf2 functionality declines during aging [27, 57] and a similar age-related Table S1 . 6BIO was used at a concentration of 200 μM and Tiron of 5 mM. In (A-C), (F-M) the Gal4 GS−Tub driver was used. Bars, ± SD; n ≥ 2; *P < 0.05; **P < 0.01.
decline in responsiveness was evident in other stress-responsive signaling pathways, such as heat shock factor-1 and hypoxia-inducible factor-1 [58, 59] . The noted (yet, not understood in its molecular basis) age-related dysfunction of stress sensors and of most (if not all) proteostatic pathways [16, 20, 32] likely contributes greatly to the dramatic toxicity of loss-of mitostasis events in aged flies. In support to this notion, we found that proteasome inhibition or cncC/Nrf2, foxo KD in young flies drastically exaggerated the toxicity of imbalanced mitochondrial dynamics. Consistently, to the vital role of UPP in retaining mitostasis, UPP mediates the degradation of IMM space proteins before they arrive at mitochondria [60] and of damaged mitochondrial proteins of the OMM [61] . Also, ubiquitination of Mfns leads to either their proteasomal breakdown or to enhanced mitochondrial fusion [23] . Our recent studies in the fly model have also revealed that proteasome malfunction causes severe loss-of mitostasis, as evidenced by disruption of mitochondrial dynamics, energetics and cristae structure as well as by increased mitophagy [30] . These data suggest that the functionality of antioxidant/proteostatic and mitostatic cellular modules is mutually interdependent providing thus a reasonable explanation for their extended functional wiring in the young organism; our observation that Marf and Opa1 are negative regulators of UPP suggests the existence of direct regulatory links even in the absence of stress. Thus, the stochastic unrepaired dysfunction of even one of these integrated modules will slowly, but inevitably, affect all others resulting in the accelerated collapse of the cellular functionality boundary below a threshold that keeps organism young and disease free. Given these notions it is not surprising that in our experimental setting loss-of mitostasis is essentially not rescuable; supportively, there are no effective treatments for patients with LHON and DOA [62] . Neither cytoprotective cncC/Nrf2 OE (with concomitant proteasome activation) nor autophagy upregulation could prevent the damaging effects of imbalanced mitochondrial dynamics and in fact even worsened toxicity. We hypothesize that likely this outcome relates to the fact that by being highly energetically demanding, these catabolic processes (UPP, ALP) accelerate the exhaustion of cellular energetics in young organisms bearing dysfunctional mitochondria. In support, we recently found that Nrf2 OE in the fly model increases stress tolerance at the cost of aging acceleration due to metabolic deregulation that leads to Diabetes Type 1 hallmarks [28] . Notably, under conditions of normal mitochondrial functionality mild cncC/Nrf2 or UPP activation can confer protection to stress and even extend the longevity of model organisms [20, 28, 63, 64] ; similarly, ALP activation exerted beneficial effects in neurodegeneration models of flies and mice [16, 32] and had a renoprotective role in diabetic nephropathy [65] . Also, dietary interventions e.g. mild caloric restriction [66] or treatment with rapamycin [67] that culminate in autophagy activation, extended healthspan of model organisms and delayed accelerated aging; they also improved neuronal function and alleviated genomic stress in DNA repair-deficient mice [68] .
Interestingly, genetic or pharmacological suppression of endoplasmic reticulum stress attenuated the lethal defects caused by Marf depletion in Drosophila [44] and prevented muscle atrophy and premature death caused by muscle-specific Opa1 deletion in mice [46] . Consistently, we found that concomitant treatment with small molecules that either act as ROS scavengers (Tiron) or activate antioxidant pathways (6BIO) could mildly mitigate the deleterious effects induced by imbalanced mitochondrial dynamics; these findings were validated by Catalase OE in the genetic backgrounds of Marf or Opa1 KD. In support, a quinone analogue, namely idebenone was shown to partially improve visual function in patients with LHON [69] . Also, vitamin E reversed the glossy eye phenotype caused by eye-targeted expression of mutant Opa1 CG8479 in flies [70] and antioxidant treatment partially restored lifespan in Opa1 mutant male flies [38] . Previous studies have shown that 6BIO (an inhibitor of the pleiotropic Gsk-3 enzyme) reduced oxidative stress and exerted anti-aging effects in both the fly model [42] and in normal human cells [71] ; worth mentioning is that 6BIO also mildly suppress the insulin/IGF-like axis suggesting pleiotropic effects on cell signaling pathways [42] . Similarly, treatment of flies with another Gsk-3 inhibitor, namely lithium extended flies' longevity [41] . Nonetheless, whether mild activation of antioxidant/proteostatic pathways can be used to alleviate the adverse effects of mitopathies should be further investigated. Taken together, our findings indicate that despite immediate cytoprotective responses being triggered in the young organism, due of the extensive wiring and functional integration of mitostatic and antioxidant/proteostatic modules, sustained loss-of mitostasis eventually exhausts the organismal capacity to adapt resulting in accelerated collapse of cellular homeodynamics and reduced cellular/organismal viability. Interestingly, our data suggest that antioxidants likely represent promising modalities for alleviating the severe effects of mitopathies.
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